Brain networks for intranasal chemosensation have been shown to be intrinsically organized in humans [1] . However, little is known about how changes in the intrinsic functional connectivity (FC) in chemosensory networks are related to aging. We, therefore, investigated the impact of age on resting-state FC in the olfactory and trigeminal networks (ON and TN) by combining two freely available resting-state fMRI data sets (obtained from the NITRC.org; Atlanta and New York) with data collected in our lab to generate a large sample size (N = 103; 51 women) spanning the age range of 20-61 years. Seed regions were defined using Montreal Neurological Institute's coordinates that anchor ON and TN in activation studies and meta-analyses. The ON included the piriform cortex and the oribtofrontal cortex. The TN included the anterior insula and the cingulate cortex. Scanner site, sex, and age were used as covariates in group-level analyses. The FC between the ON and the parahippocampal gyrus was correlated negatively with age. The FC between the TN and the parahippocampal gyrus, however, was positively correlated. Similarly, age was correlated positively with the ON FC to the ventral striatum and the TN FC to the default mode network. These results reflect divergent age-related alterations in the intrinsic FC of the human chemosensory system. NeuroReport 28:943-948
Introduction
Intranasal chemosensation involves sensation of both the olfactory and trigeminal networks (ON and TN) [2] . The ON is related to autobiographical memories [3] . In contrast, the TN conveys somatosensory information (such as burning, pungency, stinging, etc.) and is closely aligned with salience detection [4, 5] . These two systems interact to modify the encoding of olfactory information and play an important role in everyday safety, physical well-being, and quality of life.
Previously, using functional fMRI and a seed-based resting-state functional connectivity (FC) technique, we showed that both the ON and the TN are intrinsically organized against a common baseline [1, 6, 7] . The same work showed that the ON, but not the TN, included FC with the hippocampus and medial temporal lobe memory systems [1] . There is evidence suggesting that structural changes in these intranasal chemosensory are a natural consequence of aging, but how these structural changes related to aging affect functional characteristics remains poorly understood [8] . Understanding this relationship is important because many characteristics of functional brain networks are age dependent and disrupted by disease [9, 10] .
Normal aging results in decreased cognitive and sensory abilities, including olfaction, which is common in individuals between the ages of 65 and 80 years [11] [12] [13] [14] [15] . Unusually high age-related olfactory decline, such as increased detection and discrimination thresholds [11] , is a high risk factor for developing dementia [16] [17] [18] . Although not implicated in neurodegeneration, agerelated loss of intranasal trigeminal sensitivity has been shown to take place in the periphery of the TN [19] .
The aim of this study was to investigate age-dependent resting-state FC of the ON and TN. Olfactory function is closely linked to memory performance; therefore, we hypothesized an age-dependent FC between the ON and the hippocampal memory system. Because interactions between the ON and TN have been shown to occur at both peripheral and central nervous levels [20, 21] , we also investigated age-related changes in FC of the TN, which has not been investigated previously with restingstate fMRI.
Participants and methods
Resting-state fMRI data from three cohorts were processed and pooled to generate a large sample size for a multicohort analysis. Each cohort contained a restingstate T2*-weighted gradient echo planar imaging (GE-EPI) time series and a skull-stripped T1 MPRAGE anatomical image. The Atlanta and New York cohorts are freely available for research purposes without restriction; however, the data sets did not include slice timing information for fMRI data.
Data preprocessing
Preprocessing and analyses were completed with analysis of functional image. Except for a slice timing correction step for the Hershey cohort, preprocessing steps were the same for all three cohorts and included motion correction, third-order polynomial detrending, and band pass filter (0.008-0.08 Hz) through linear regression, smoothing to a target 8 mm 3 full-width at half-maximum, and transformation into the Montreal Neurological Institute (MNI) space with 2 mm isotropic voxels. Volumes with greater than 1 mm interscan head movements were censored from further analyses. T1 anatomical images were aligned to the first functional image for each participant and were then warped to a standard MNI template.
Functional connectivity analysis
Seed time courses were extracted in the MNI space as the average time course within a three-voxel radius (6 mm) centered on coordinates that anchor fMRI activation of the olfactory [22] and trigeminal [23] systems, as in our previous publication [1] . Coordinates reported by Iannilli et al. [21] were in the Talairach space and were converted into MNI space through the Brett transform using GingerALE software [24] . [28,34, − 12] ), and were deemed most likely to be activated by a meta-analysis of olfactory stimulation [22] [12, 30, 30] ). The seed locations for the cingulate cortex were obtained from activation patterns contrasting chemical stimulation to the baseline. Insula seeds were obtained from the conjunction of chemical/mechanical (right insula) and chemical/electrical (left insula) activation.
Second-level analyses of the group of combined cohorts were carried out with a series of one-sample and twosample t-tests, and included age, sex, and scanner site as covariates. A cluster threshold of 20 voxels was used to correct for multiple comparisons at the group level [25] . The coordinates for select peak voxels in significant clusters are given by MNI coordinates [x,y,z] in radiological convention.
Results
The top panel in Fig. 1 shows the locations where FC of the ON was significantly stronger than the TN. These regions include the ventromedial prefrontal cortex, the subcallosal gyrus, the retrosplenial cortex, and the hippocampus, each bilaterally. The bottom panel in Fig. 1 shows where FC of the TN was significantly stronger than FC of the ON. These regions include the insula, thalamus, medial occipital cortex, middle temporal gyrus, cingulate gyrus, brainstem (red nucleus and pons), and cerebellar cortex. Table 1 tabulates the MNI coordinates and t-values for peak voxels from the contrast of the ON and TN. The unique brain regions belonging to the ON and TN, against a common baseline, have been reported in Tobia et al. [1] . Figure 2 shows regions where either the ON or the TN was significantly correlated with age. For the ON, age was correlated negatively with FC to the parahippocampal gyrus ( Fig. 2 top left) , but was correlated positively with FC to the caudate and the nucleus accumbens (Fig. 2 bottom left) . For the TN, age was correlated positively with FC to the parahippocampal gyrus, which overlapped with the age-related decline in FC with the ON (Fig. 2 top right) . Age was also correlated positively with FC between the TN and both the anterior cingulate cortex (ACC) and the posterior cingulate cortex (PCC) (Fig. 2 bottom right) .
Discussion
The main finding of this study was the significant negative correlation between age and the strength of FC between the ON and the parahippocampal gyrus. This finding is consistent with the known link between olfaction and the hippocampal memory system [12, 26] , and the concurrent age-related decline of both olfactory processing and hippocampal-related memory functioning [6] [7] [8] [9] . Moreover, FC between the ON and the hippocampus was significantly stronger than FC between the TN and the hippocampus, even after controlling for age effects. These findings suggest that fMRI may be a sensitive biomarker to detect alterations in cognitive and memory network functioning through the olfactory system pathology. Although this has been suggested for Alzheimer's disease (AD) [18] , ours is the first demonstration that the integrity of these two systems can be assessed as a function of age in the absence of sensory stimulation. In addition, compared with the ON, TN showed stronger FC with visual areas; however, this difference in FC has a caveat. This is because neither the ON nor the TN showed significant FC with the visual system known to influence olfactory processing [27] . As the ON and TN are not spatially independent, this result suggests that brain regions that are part of the TN must be taken into account when investigating the innate link between the olfactory and visual systems. Taken together, this study extended the findings of Tobia et al. [1] (in which the unique brain regions belonging to the ON and TN against a common baseline were reported) by investigating the relative position of the ON and TN against each other. Intrinsic network contrasts. Top: the olfactory network showed significantly stronger functional connectivity than the trigeminal network in the anterior and posterior midline regions including the ventromedial prefrontal cortex (white circle), the posterior oribtofrontal cortex (red circle) and the retrosplenial cortex (green circle), as well as the hippocampus (bottom). Bottom (left panel): the trigeminal network showed significantly stronger functional connectivity than the olfactory network in the thalamus (red circle), insula (white circles), medial occipital cortex (yellow circle), basal ganglia (green circle), and middle temporal gyrus (orange circles). Bottom (right panel): the trigeminal network showed significantly stronger functional connectivity than the olfactory network in the cingulate gyrus (red circle), brainstem (yellow circle), and cerebellar cortex (green circle). Images show functional connectivity superimposed on the MNI template in radiological convention (left = right).
Age-related functional connectivity Karunanayaka et al. 945 An unexpected result of this study is the age-dependent increase in FC between the ON and the ventral striatum. The ventral striatum is typically associated with dopaminergic-mediated reward processing [28] , which is impacted negatively by aging [29] . This finding, therefore, suggests that the ON resting-state FC might be capable of providing an index for the intrinsic functionality of dopaminergic processing. This information may be useful to further investigate neurodegenerative diseases, such as Parkinson's disease (PD), where olfactory and dopamine dysfunctions are cardinal symptoms [17] . Moreover, there is an established link between aging and an increase in dopaminergic cells in the olfactory bulb with concomitantly reduced olfactory sensation [30] , suggesting that advanced fMRI techniques capable of imaging the olfactory bulb activation and its FC may provide a direct assessment of the dopamine system. The trigeminal system is closely aligned with salience detection and it has been reported that the TN overlaps with the salience network [1, 4, 5] . The TN showed increased FC to the parahippocampal gyrus (overlapping with the negative correlation of the ON), as well as to the ACC and PCC nodes of the default mode network (DMN) as a function of increasing age. Previous research has shown that age-related increase in intranasal trigeminal sensation thresholds was specifically related to peripheral processing [19] . However, our findings showed that the intrinsic organization of the TN does not deteriorate with age, but is enhanced with increasing age. Network functional connectivity correlated with age. Top panel: functional connectivity of the olfactory network and the parahippocampal gyrus was correlated negatively with age (left), but this correlation was reversed for the trigeminal network in an overlapping swath of gray matter (right). Bottom panel: functional connectivity of the olfactory network and the ventral striatum (basal ganglia) was correlated positively with age (left). Functional connectivity of the trigeminal network and the anterior and posterior cingulate cortex gyrus (white and yellow circles, respectively) was correlated positively with age (right). Images show functional connectivity superimposed on the MNI template in radiological convention (left = right).
Trigeminal processing is not typically associated with the hippocampal memory system and, therefore, our unexpected finding of a stronger FC of the TN to the parahippocampal gyrus is intriguing. It is possible that this finding could be related to compensatory mechanisms of aging such that the central processing of the trigeminal sensation is enhanced to offset the observed decline in peripheral trigeminal sensation [19] . This interpretation, however, should be considered with caution because the parahippoampal gyrus did not show significant FC with the TN [1] . Thus, the age-related increase in FC of the TN with the parahippocampal gyrus could be another compensatory mechanism to offset age-related olfactory deficits. In addition, there was enhanced FC of the TN to the ACC and PCC nodes of the DMN as a function of increasing age. Both AD and PD are associated with altered DMN activity [31, 32] . Thus, the observed agerelated resting-state FC of the TN may provide an additional avenue to dissect the prodromal manifestation of these dissimilar neurodegenerative pathologies.
All participants in the combined data set were considered healthy, but none had information on olfactory functioning. This information is important for studies of chemosensory networks because a considerable number of individuals with olfactory impairment reported having experienced an olfaction-related hazardous event at some point in their lives [33] . As such, longitudinal studies are needed to carefully determine the age-related changes that occur over time from factors that damage the olfactory system. Nevertheless, in this study, we provide a well-grounded methodology for understanding the neural underpinnings of age-related changes in chemosensory networks.
In summary, this study established the age-related changes in the resting-state FC of the intrinsic ON and TN in a large normal cohort, spanning the adult age range, with fMRI data collected from three different population locations. The results corroborate our previous findings using a smaller sample size [17] and further elaborated the age-related changes on resting-state FC of the intrinsic ON and TN. Although not spatially independent, a differential pattern of FC was observed between the ON and the TN. The seed-based approach that we used in this paper, therefore, can be more informative than a whole-brain independent component analysis (ICA), where spatial independence has a higher emphasis. As such, the ON, in combination with the TN resting-state FC, provides a more comprehensive understanding of age-related behaviors of intranasal chemosensation that may be useful in assessing early onset of neurodegenerative pathology. Future studies should seek to differentiate between ON and TN resting-state FC markers for neurodegenerative diseases such as PD versus AD and other forms of dementia. The age-related effects reported here are an important step in this direction.
